When material scientists wish to change the conformation of dissolved polymers, thereby controlling the phase and flow behaviour of the solution 4 , they tune overall parameters such as temperature, pH or salinity. In biological systems a similar goal is achieved by introducing a small quantity of condensing agents, such as short
2 polyamines (spermine and spermidine) in the case of DNA condensation 1, 5, 6 . Studies have shown that DNA collapse can be induced by other, non-specific agents, e.g.
inorganic multivalent ions 7 and ionic surfactants 8, 9 . Apart from the basic interest in DNA condensation, such mixtures are important for potential gene delivery applications, where the DNA is 'shielded' by oppositely charged molecules to help it penetrate the cell 1, 10 .
Theoretical studies have been focused on the complex electrostatics among chain groups and the surrounding ions 10 , in particular the perplexing emergence of attraction between like-charge DNA segments. While electrostatics evidently plays a central role (all known condensing agents are charged) there are other factors to consider. For example, monovalent ionic surfactants can condense DNA 8, 9 , whereas simpler ions must be multivalent 10 . Beyond mere charge, the key feature of a successful agent seems to be its ability to co-operatively associate with the chain, thereby inducing strong attractive correlations. Indeed, all of the aforementioned agents can be viewed as molecular 'clips' -having associated with a monomer, they attract other monomers and agent molecules to the same region. Approaching the problem from a new direction, we assume that the added agent induces attractive correlations in the chain and ask what is required of the biopolymer to ensure sharp collapse.
We consider a DNA molecule, either single-stranded (ssDNA) or doublestranded (dsDNA), as an isolated long chain in aqueous solution. The chain stiffness is characterised by the persistence length, l p . dsDNA is very stiff, having l p in the range of 50-100 nm 11, 12 , whereas ssDNA is much more flexible, with l p estimated between a fraction of nanometre and 2-3 nm [13] [14] [15] . Chain sections shorter than l p have a onedimensional character, like stiff rods, while at scales larger than l p the chain is easily deformed and assumes a swollen-coil conformation. The overall effect can be described by a reduction in the excluded-volume parameter of the chain,
, where v 0 is the excluded-volume parameter of the bare chain, and
As long as v>0, the overall monomer-monomer interaction is repulsive and the chain remains swollen 4 .
Gradual contraction implies that the collapse does not involve all the monomers. The chain can be envisioned as divided into subunits, as drawn in Imagine, therefore, that the chain is divided into subunits of size b, each containing g monomers (Fig. 2) . To obtain the behaviour of the rescaled chain we need 
The ability of the chain to adjust its sub-division requires that Eq. (2) (1), we obtain
For the gradual scenario to be self-consistent, the subunits should shrink upon D=1, while for b>l p it has the dimensionality of self-avoiding random walks, D≈1.7 4 .
Hence, in practical terms, the criterion just found is
The condition D>3/2 is a manifestation of a more general principle from polymer physics known as the des Cloizeaux criterion 21 , which suggests a geometric interpretation of our result. In order for the interactions to be relevant and broaden the pre-existing transition, a pair of subunits must not be 'mutually transparent', i.e. the 6 probability of their coming into close proximity must be non-vanishing 22 . This requires that the sum of fractal dimensions of the two interacting objects exceed 3, the dimension of the embedding space, hence D>3/2. We now demonstrate the application of criterion (4) in two types of systems corresponding to the two different scenarios.
An example for the sharp case is provided by solutions of DNA and surfactants investigated in the past years 8, 9 . As discussed above, dsDNA is stiff on length scales up to 50 nm, thus l p >ξ. Indeed, sharp collapse was convincingly demonstrated by fluorescence microscopy 8, 9 , as reproduced in Fig. 3 . Similar transitions were found upon addition of short polyamines 5, 6 and multivalent salts 7 .
By contrast, ssDNA is a flexible chain characterised by rather short persistence lengths, l p <ξ. Hence, upon addition of surfactant or polyamine, its folding should be gradual. This specific prediction for ssDNA still awaits experimental confirmation. andelman@post.tau.ac.il). 
